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Abstract 

At the time of diagnosis, almost 80% of pancreatic cancer patients present with new-onset 

type 2 diabetes (T2D) or impaired glucose tolerance. T2D and pancreatic cancer are both 

associated with low-grade inflammation. Tumour-associated macrophages (TAMs) play a key 

role in cancer-related inflammation, immune escape, matrix remodelling and metastasis. In 

this study, the interplay between tumour cells and immune cells under the influence of 

different glucose levels was investigated. Human peripheral blood mononuclear cells were 

exposed in vitro to conditioned medium from BxPC-3 human pancreatic cancer cells, in 

normal (5 mM) or high (25 mM) glucose levels. Flow cytometry analyses demonstrated that 

tumour-derived factors stimulated differentiation of macrophages, with a mixed classical 

(M1-like) and alternatively activated (M2-like) phenotype polarization (CD11c+CD206+). 

High glucose conditions further enhanced the tumour-driven macrophage enrichment and 

associated IL-6 and IL-8 cytokine levels. In addition, hyperglycaemia enhanced the 

responsiveness of tumour-educated macrophages to lipopolysaccharide, with elevated 

cytokine secretion compared to normal glucose levels. Tumour-educated macrophages were 

found to promote pancreatic cancer cell invasion in vitro, which was significantly enhanced at 

high glucose. The anti-diabetic drug metformin shifted the macrophage phenotype 

polarization and reduced the tumour cell invasion at normal, but not high, glucose levels.  In 

conclusion, this study demonstrates that pancreatic cancer cells stimulate differentiation of 

macrophages with pro-tumour properties that are further enhanced by hyperglycaemia. These 

findings highlight important crosstalk between tumour cells and TAMs in the local tumour 

microenvironment that may contribute to disease progression in pancreatic cancer patients 

with hyperglycaemia and T2D.  

 

Keywords: Pancreatic cancer, TAM, inflammation, type 2 diabetes, hyperglycemia, invasion 
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Abbreviations 

AMPK Adenosine monophosphate activated protein kinase  

LPS Lipopolysaccharide 

PBMC Peripheral blood mononuclear cell 

TAM Tumour-associated macrophage 

TLR Toll-like receptor 

T2D Type 2 diabetes 
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Introduction 

Pancreatic cancer is the fourth leading cause of cancer-related death in western societies. The 

overall 5-year survival rate among pancreatic cancer patients is less than 3% and the median 

survival is less than 6 months1-3. As the cancer-specific symptoms present only at a late stage, 

the majority of pancreatic cancer patients already have an advanced stage disease at the time 

of diagnosis. There is an urgent need to identify novel therapeutic approaches and, most 

importantly, early detection of the disease to improve the survival of patients with pancreatic 

cancer. 

 

The majority of pancreatic cancer patients present with either new-onset type 2 diabetes or 

impaired glucose tolerance at the time of diagnosis4, 5. Epidemiological studies have reported 

both obesity and type 2 diabetes to be among the top three modifiable risk factors for 

pancreatic cancer6-9. In addition, among the cases with resectable pancreatic cancer, the 

majority of patients show improved insulin sensitivity after tumour resection, although a large 

part of the pancreas is removed10. Despite a strong link between the two diseases, the 

relationship between type 2 diabetes and pancreatic cancer is complex and largely unknown. 

It remains to be elucidated if the microenvironment in type 2 diabetes is favourable for the 

development of pancreatic cancer or if cancer cells at an early stage give rise to the diabetes.  

 
Chronic inflammatory conditions increase the risk of different forms of cancer. Patients with 

chronic pancreatitis have an increased risk of developing pancreatic cancer11. Both type 2 

diabetes and pancreatic cancer are associated with elevated local and systemic low grade 

inflammation, which is believed to influence the pathogenesis of both diseases12-14. 

Inflammation plays a central role in the tumour microenvironment and has recently been 

acknowledged as a novel hallmark of cancer due to its association with the pathogenesis in 

many types of cancer14-16. Macrophages are believed to play a major role in orchestrating the 
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cancer-related inflammation and have commonly been divided into two classes; M1 

“classically activated, pro-inflammatory” macrophages and M2 “alternatively activated” 

macrophages17. Macrophages originate from blood monocytes being recruited to the tissue 

where they are activated. Stimulation with LPS and IFNγ leads to M1 activation and the 

secretion of IL-1β, IL-6 and TNFα along with the expression of HLA-DRhi and CD11c, 

among others. M2 macrophages in contrast, are activated by IL-4 and IL-13, secrete IL-10 

and express markers such as HLA-DRlo and CD206 (mannose receptor). M1-macrophages 

have been observed in type 2 diabetes infiltrating adipose tissue and pancreatic islets, and are 

believed to play a central role in the diabetes-associated inflammation through IL-1 and NFκB 

activation12. Tumour-associated macrophages (TAMs), on the other hand, display a M2-like 

phenotype and are characterised by CD206+ as well as arginase 1 (Arg1) expression, and the 

secretion of epidermal growth factor (EGF), vascular endothelial growth factor (VEGF), IL-6, 

IL-10, and matrix metalloproteinases (MMPs). TAMs promote carcinogenesis by stimulating 

angiogenesis, migration, invasion, metastasis and ECM remodelling14-16, 18-21. However, recent 

reviews on TAMs demonstrate that the M1-M2 classification might be over-simplified and no 

longer sufficient, with intermediate phenotypes emerging due to the plasticity of 

macrophages, enabling them to adjust to their specific microenvironment18-21.  

 

Metformin is used as first-line treatment in the management of type 2 diabetes. The key 

metabolic action of metformin involves the inhibition of hepatic glucose secretion. This 

mechanism is mediated via activation of the energy-sensing AMP-activated protein kinase 

(AMPK) in hepatocytes22. In addition to its anti-diabetic effects, metformin has recently been 

shown to possess anti-tumour effects, both in AMPK-dependent and independent manners23. 

Metformin has also been indicated to have anti-inflammatory effects by indirectly inhibit LPS 

response and/or NFκB-signalling24, 25. 
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Although inflammation has an established role in carcinogenesis, limited research has been 

performed in pancreatic cancer and the influence by related type 2 diabetes. The aim of the 

present study was to investigate the interplay between tumour cells and immune cells under 

the influence of different glucose levels. Tumour cell-induced macrophage enrichment, 

phenotype polarisation and associated cytokine secretion was analysed in vitro. Furthermore, 

pro-tumour properties on pancreatic cancer cell invasion by tumour-educated macrophages 

were investigated, as well as the anti-inflammatory properties of metformin. 
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Results 

Hyperglycaemia enhances pancreatic cancer cell-stimulated macrophage differentiation 

and cytokine secretion  

Given the important pleiotropic roles of macrophages in tumour progression and T2D, we 

sought to establish the influence by pancreatic cancer cells and glucose levels on monocyte to 

macrophage differentiation. To mimic a local tumour microenvironment, human PBMCs were 

exposed to conditioned medium (CM) from BxPC-3 human pancreatic cancer cells cultured in 

different glucose conditions. CM from BxPC-3 induced a strong enrichment of a population 

enlarged cells with ruffling membranes, based on the flow cytometry scatter profile (Fig. 1a). 

This tumour-educated population accounted for 8-18% of the total PBMCs compared to 4% in 

naïve control cells. Over time, the tumour-educated cell population was better maintained and 

more numerous in the presence of high (25 mM) compared to normal (5 mM) glucose levels 

(Fig. 1b). The tumour-educated population was found to be CD68 positive, indicating the 

cells to be of the monocyte-macrophage lineage (Fig. 1c). In addition, exposure to BxPC-3 

CM stimulated a significant increase in IL-6 and IL-8 cytokine levels (Fig. 1d). The cytokine 

levels were further enhanced in hyperglycaemic conditions, resulting in an almost 3- and 2-

fold increase in IL-6 and IL-8 levels, respectively, compared to normal glucose conditions. 

Taken together, these results indicate that BxPC-3 pancreatic cancer cells stimulate 

monocyte-to-macrophage differentiation, which is enhanced by hyperglycaemic conditions.  

 

Tumour-educated macrophages display a mixed CD11c+CD206+ phenotype polarisation  

Having demonstrated the enriched population to be CD68+ cells, we further characterized the 

phenotype polarization and analysed known macrophage surface markers. Figure 2a shows 

CD14 and HLA-DR expression for the tumour-educated cells after exposure to CM compared 

to control. The majority of cells in the tumour-educated population were CD14+HLA-DR+, 
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which further verified them to be of the monocyte-macrophage lineage. The cell surface 

levels of the TLR4 co-receptor CD14 were enhanced among tumour-educated macrophages 

exposed to high (25 mM) relative to normal (5 mM) glucose levels (N.S.; Fig. 2b). The 

CD14+HLA-DR+ population was further analysed for CD11c and CD206 positivity (Fig. 2c). 

Initially, the majority of cells were CD11c+CD206-. However, the CD206 levels increased 

over time and after 72 h differentiation, more than 90% of the macrophages were 

CD11c+CD206+ (Fig. 2c-d). No significant difference in macrophage polarization was 

observed between normal (5 mM) and high (25 mM) glucose. The macrophage polarization 

was further validated with similar findings, when evaluating the CD11c and CD206 positivity 

among the tumour-educated CD68+HLA-DR+ population (Supplementary figure 1). Similar 

results were obtained when initial macrophage phenotype polarisation was investigated with 

CM from two additional pancreatic cancer cell lines, PANC-1 and MIAPaCa-2 

(Supplementary figures 2-3). As the tumour-educated cells expressed both M1- and M2-

associated surface markers, these results indicate that the pancreatic cancer cells stimulate 

macrophage differentiation with a mixed phenotype polarisation.  

 

Hyperglycaemia enhances the cytokine secretion in response to LPS 

In order to determine the activation status of the BxPC-3 tumour-educated macrophage 

population in the PBMCs, their functional responsiveness to the TLR4 agonist LPS at 

different glucose levels was examined. Exposure to LPS significantly increased the IL-1β, IL-

6, IL-8 and IL-10 cytokine levels (P<0.001; Fig. 3a-d). Hyperglycaemic conditions further 

enhanced the LPS-induced IL-6 and IL-8 levels, while no obvious influence on IL-1β and IL-

10 levels was observed. In contrast, LPS-stimulation strongly promoted TNF-α release by 

naïve control cells, which was not further altered in the presence of BxPC-3 CM or 
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hyperglycaemia (Fig. 3e). No effect by LPS on macrophage enrichment or polarization was 

observed (data not shown).  

 

The macrophage enrichment and associated cytokine secretion is suppressed by 

metformin 

The anti-diabetic drug metformin has been reported to alter inflammatory signatures. Hence, 

we next investigated the influence by metformin on the tumour-induced macrophage 

differentiation. Exposure to metformin impaired the responsiveness to BxPC-3 CM 

differentiating activity and significantly reduced the tumour-educated macrophage population 

with up to 51% in normal glucose (Fig. 4a-b). Similarly, the tumour-educated macrophage 

population was reduced after exposure to metformin in hyperglycaemic conditions, although a 

significantly higher frequency of macrophages remained after the longest exposure time 

(P<0.05; Fig. 4b). In addition, the associated IL-6 and IL-8 levels were significantly 

suppressed for the tumour-educated cells exposed to metformin, at both normal and high 

glucose concentrations (P<0.01; Fig. 4c). Notably, the cytokine reduction was more 

pronounced than the reduction in macrophage frequency. This indicates that metformin 

suppressed both the frequency as well as the activation state of the tumour-educated 

macrophages. 

 

Metformin attenuates the tumour-educated macrophage polarisation 

Having found that metformin suppressed the tumour-educated macrophage frequency, we 

further assessed its effect on the phenotype polarization. Exposure to metformin resulted in a 

pronounced decrease in CD14 positivity, while no apparent change in HLA-DR expression 

was observed (Fig. 5a). In addition, metformin counteracted the BxPC-3 CM induced CD206 

expression. After 24 and 72 h culture, the geometric mean fluorescence intensity (geo-MFI) of 
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CD206 was 30-40% lower for metformin-treated compared to non-treated cells (P<0.05; Fig. 

5b-c). The reduced CD206 levels resulted in a shifted phenotype balance with re-polarization 

towards CD11c+CD206- cells, which was further emphasized at hyperglycaemic conditions 

(Fig. 5d).  

 

Metformin suppresses LPS responsiveness and cytokine secretion 

To assess the relevance of losing the TLR4 co-receptor CD14 expression and altering the 

phenotype polarization of the tumour-educated macrophage population, we evaluated the 

impact of metformin on the functional responsiveness to LPS. Indeed, the sensitivity to the 

TLR4 agonist LPS was considerably reduced in the presence of metformin, with significantly 

lower levels of LPS-induced cytokine release (P<0.01; Fig. 6). Consistent with the altered 

phenotype polarization, both IL-6 and IL-8 cytokine levels were strongly suppressed in the 

presence of high glucose (P<0.001; Fig. 6a-b), The metformin-mediated inhibition of IL-1β, 

IL-10 and TNFα secretion by the tumour-conditioned cells appeared independent of the 

glucose levels (Fig. 6c-e). In fact, metformin almost completely prevented the LPS-stimulated 

TNFα secretion to almost undetectable levels at both normal and high glucose levels (Fig. 6e). 

These results indicate that the sensitivity to tumour-induced macrophage differentiation and 

functionality was impaired in the presence of metformin. 

 

Tumour-educated macrophages and hyperglycaemia promote invasion of pancreatic 

cancer cells 

Finally, a direct functional effect of the tumour-educated macrophages and hyperglycaemia 

on pancreatic cancer cell invasion was determined. BxPC-3 cells co-cultured with PBMCs 

displayed significantly higher invasive capabilities than BxPC-3 cells cultured alone, in 

accordance with the tumour-promoting role of TAMs (P<0.001; Fig. 7a-b). Hyperglycaemia 
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significantly enhanced the number of invading BxPC-3 cells, in both co-culture (P<0.01) and 

controls (P<0.001; Fig. 7B). While metformin was capable of reducing the number of 

invading pancreatic cancer cells by 60-70% (P<0.001) in normal glucose, no reduction in the 

invasive capabilities was observed at high glucose (Fig. 7c). These results demonstrate that 

the invasive capability of pancreatic cancer cells was stimulated in the presence of 

inflammatory cells as well as high glucose levels. 
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Discussion 

There are increasing indications that both type 2 diabetes and pancreatic cancer are associated 

with an enhanced inflammatory state, and that inflammatory cells may accelerate disease 

progression12-14. However, the complex relationship between type 2 diabetes, inflammation 

and pancreatic cancer remains unclear. We hypothesise that a symbiotic relationship exists in 

the tumour microenvironment between inflammatory cells and tumour cells that is fuelled by 

type 2 diabetes-associated hyperglycaemia. In the present study, we show that pancreatic 

cancer cells stimulate differentiation of tumour-educated macrophages with a mixed 

phenotype polarisation and pro-tumour properties. The macrophage frequency, activation 

status and functional influence on cancer cell motility were further enhanced in high glucose 

conditions. This study demonstrates important crosstalk between inflammatory cells, cancer 

cells and glucose levels that may contribute to disease progression. 

 

Previous studies on pancreatic cancer-related inflammation have shown enhanced leukocyte 

infiltration in the tumour microenvironment and elevated systemic cytokine levels in patients 

with pancreatic cancer26-30. Macrophages, in particular with an alternatively activated M2-

associated phenotype, were among the most common leukocyte subsets infiltrating the tumour 

area29, 30. This was further reflected in the systemic cytokine levels, where IL-6, IL-8 and IL-

10 were elevated in pancreatic cancer patients26-28. In addition, a recent in vivo study showed 

that macrophages infiltrated the pancreatic tumour already at the early pre-invasive stages and 

remained one of the dominating leukocytes throughout the pathogenesis of the disease31. This 

indicates an important role of tumour-associated macrophages in pancreatic tumourigenesis. 

 

Due to the high plasticity of macrophages, the M1/M2 paradigm is debated and has recently 

been regarded an oversimplified view and extreme ends of a spectrum of phenotype 
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polarisation. The specific TAM phenotype is largely determined by the local 

microenvironment18-21. Herein, we demonstrate that BxPC-3 pancreatic cancer cells stimulate 

enrichment of CD14+HLA-DR+ macrophages with a mixed CD11c+CD206+ phenotype. In 

high glucose conditions, the tumour-educated macrophage enrichment as well as IL-6 and IL-

8 secretion was enhanced, indicating hyperglycemia to enhance the influence of pancreatic 

cancer cells on macrophage differentiation. Interestingly, both IL-6 and IL-8 are elevated 

among type 2 diabetic patients and have been found to accelerate pancreatic cancer 

progression32-34. Similarly to our findings, a previous study performed with various cancer 

cell lines demonstrated pancreatic cancer cells to induce TAMs with an M2-like phenotype, 

which was believed to be mediated by M-CSF secreted by the cancer cells35. The TAMs were 

found to secrete both M1 (TNFα) and M2-associated (IL-10, IL-6 and CCL2) cytokines. 

While promoting macrophage enrichment, pancreatic cancer cells have been shown to inhibit 

dendritic cells differentiation via secretion of IL-6 and G-CSF36.  

 

A primary function of macrophages is to rapidly increase cytokine and chemokine 

biosynthesis and release upon activation by different TLRs17. Interestingly, the TLR4 co-

receptor CD14 was upregulated on the tumour-educated macrophages under hyperglycaemic 

conditions that may influence the TAM activation and sensitivity to LPS stimulation. A study 

investigating the LPS/NFκB-pathways in TAMs demonstrated that TAMs accumulate 

inhibitory p50 homodimers of NFκB in the nucleus, which alters the TAMs classic response 

to LPS and leads to a reduced TNFα secretion37. In the present study, elevated levels of IL-1β, 

IL-6, IL-8 and IL-10 were seen in response to LPS. In contrast, no increase in TNFα was 

observed by TAMs compared to basal levels of naïve cells. This is in line with the M2-like 

phenotype previously described for TAMs, and the indications of an altered LPS response.  
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The glucose-lowering drug metformin is used as first-line treatment in the management of 

type 2 diabetes. It has recently been shown to have anti-tumour properties, besides its anti-

diabetic effects23. In addition, metformin has been indicated to have anti-inflammatory effects 

by indirect inhibition of inflammatory mechanisms24, 25. In the present study, metformin 

effectively suppressed the macrophage enrichment, phenotype polarisation and cytokine 

secretion regardless of the glucose levels. Metformin also strongly reduced cytokine secretion 

induced by LPS, which further supports its implied anti-inflammatory effects. Metformin 

might therefore have a wider range of action than the initial anti-diabetic, and later anti-

tumour, effects seen.  

 

TAMs have several roles in the tumour microenvironment where they stimulate migration, 

invasion and metastatic abilities18-20. We found that BxPC-3 pancreatic cancer cells displayed 

an enhanced motility after co-culture with tumour-educated macrophages. In addition, we 

made the novel observation that these invasive capabilities were further emphasized in the 

presence of hyperglycaemia. In previous studies with colon cancer38 and pancreatic cancer 

cells39, co-culture with monocytes or macrophages increased the cancer cell migration rate via 

paracrine mechanisms involving SDF-1α, VEGF and TNFα. Consistent with our findings, 

hyperglycaemia alone, without the influence of TAMs, increased the pancreatic cancer cell 

proliferation and migration40. However, our study has uniquely shown the combined influence 

of leukocytes and glucose on pancreatic cancer cell motility. While metformin influenced the 

macrophage phenotype under both glucose conditions, the inhibitory effect by metformin on 

the pancreatic cancer cell invasiveness was strongly reduced or abolished in the presence of 

high glucose. This may relate to an altered communication between the macrophages and 

cancer cells, while more likely to an altered responsiveness by the pancreatic cancer cells to 

metformin under hyperglycaemic conditions, as previously reported23.  
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In conclusion, this study shows that pancreatic cancer cells induce tumour-educated 

macrophages with intermediate mixed phenotype polarisation, which in turn stimulated 

pancreatic cancer cell invasion. These effects were further triggered by hyperglycaemia. 

Treatment with the anti-diabetic drug metformin suppressed the induction of tumour-educated 

macrophages, which indicates a potential role of metabolic pathways in the phenotype 

polarisation and associated cytokine secretion. This study highlights an important crosstalk 

between pancreatic cancer cells and macrophages that may contribute to disease progression 

in pancreatic cancer patients with hyperglycaemia and T2D. However, further studies are 

required to determine the effect by metformin and glucose on the communication between 

TAMs and pancreatic cancer cells with influence on tumour invasiveness. With increased 

understanding of the role of associated inflammation and T2D in pancreatic cancer, new 

potential targets and treatment strategies can be investigated to hopefully improve the 

outcome of this fatal disease.  
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Methods 

Materials 

All chemicals and reagents were purchased from Sigma Aldrich (St. Louis, MO, USA) unless 

stated otherwise. Cell culture media, penicillin/streptomycin and fetal bovine serum (FBS) 

were purchased from Invitrogen (Paisley, UK). Fluorochrome-labelled antibodies specific for 

human CD11c (clone B-ly6), CD14 (clone M5E2), CD68 (clone Y1/82A), CD206 (clone 

19.2) and HLA-DR (clone G46-6) were purchased from BD Biosciences (San Diego, CA, 

USA). 

 

Cell culture 

The human pancreatic adenocarcinoma cell lines BxPC-3, PANC-1, MIAPaCa-2 were 

purchased from ATCC-LGC Standards (Manassas, VA, USA). The cells were maintained in 

RPMI1640 or DMEM supplemented with 10% FBS and antibiotics (100 U/ml penicillin and 

100 µg/ml streptomycin) in a humified 5% CO2 atmosphere at 37oC. All experiments were 

performed in glucose-free RPMI1640 or DMEM supplemented with 5 mM (normal) or 25 

mM (high) D-glucose, 2 mM L-glutamine and antibiotics as above (serum free media; SFM). 

Conditioned medium (CM) was obtained by culturing BxPC-3 cells to 70-80% confluence, 

washing twice and changing to SFM. CM was collected after 48 h incubation, residual cells 

removed by centrifugation, and aliquots stored at -80oC until further use. 

 

In vitro macrophage differentiation 

This study was approved by the Regional Ethical Review Board in Lund, Sweden. Peripheral 

blood mononuclear cells (PBMCs) were obtained by separation with Ficoll-Paque (GE 

Healthcare, Freiburg, Germany) from blood samples given by healthy volunteers. The cells 

were in vitro differentiated (5 x 105 cells/well) in 6-well plates with SFM or CM, with or 
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without 20 mM metformin, for 24-72 h. Supernatants were collected, aliquoted and stored for 

cytokine analysis.  

 

Flow cytometry 

Cells were incubated for 5 min on ice with human Fc Receptor Binding Inhibitor 

(eBioscience, Hatfield, UK) in PBS + 1% BSA. Cells were then incubated with 

manufacturer’s suggested dilutions of fluorochrome-conjugated primary antibodies in four-

color panels (CD14/HLA-DR/CD11c/CD206 or CD68/HLA-DR/CD11c/CD206) for 30 min 

at 4°C. Before intracellular CD68 staining, cells were fixed and permeabilised with Cytofix-

Cytoperm solution (BD Biosciences) according to the manufacturer’s instructions. 

Approximately 5x104 events (cells) were collected for each sample using a FACSCalibur (BD 

Biosciences) dual laser, flow cytometer with CellQuest Pro Software (BD Biosciences), and 

analysed using FlowJo software (Tree Star Inc, Ashland, OR, USA). 

 

LPS stimulation of in vitro differentiated macrophages 

PBMCs were seeded (5 x 105 cells/well) in 6-well plates with SFM or CM, with or without 20 

mM metformin, and incubated for 72 h. LPS (100 ng/ml) was spiked into the cell cultures 

during the last 24 h of incubation. Cells were analysed by flow cytometry as above and 

supernatants collected and stored for ELISA. 

 

Enzyme-linked immunosorbent assay (ELISA) 

Cytokine levels of cell supernatants were assessed using DuoSet ELISA according to the 

manufacturer’s instructions (R&D systems, Abingdon, UK). Samples were measured in 

duplicate on a Labsystems Multiskan Plus plate reader (test wavelength 450 nm, reference 

wavelength 540 nm) using the DeltaSoft JV software (BioMetallics Inc., Princeton, NJ, USA). 
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Assay sensitivities for the analytes were: IL-1β (3.91 pg/ml), IL-6 (9.38 pg/ml), IL-8 (31.25 

pg/ml), IL-10 (31.25 pg/ml), and TNFα (15.63 pg/ml). 

 

Invasion studies 

PBMCs (5 x 105 cells/insert) were seeded into Transwell inserts (3 µm pores; BD 

Biosciences) and co-cultured with BxPC-3 cells (2.5 x 105 cells/well) in the lower chamber 

without cell contact. The BxPC-3 cells were harvested after 48 h incubation with or without 

co-culture and 1.5 x 105 cells were re-suspended in SFM and added to inserts (8 µm pores; 

BD Biosciences). SFM supplemented with 10% FBS was added to the lower chamber. After 8 

h, cells on the upper side of the membrane were removed using cotton swabs and invaded 

cells were fixed in 1% glutaraldehyde and stained with 0.5% crystal violet. Cells were 

photographed and the number of invaded cells counted in nine microscope fields per insert 

(magnification x10).  

 

Statistics 
A minimum of three independent experiments were done using at least three different PBMC 

donors. Statistical analyses were performed using two-tailed Student’s t-test or mixed models 

with Excel 2010 or SPSS version 20 softwares, respectively. A P-value of <0.05 was 

considered statistically significant. 

 



19 
 

Acknowledgements 

We thank Siv Svensson for the assistance with blood drawing. We also thank Susann Ullén 

for assistance with statistical analyses. This study was supported by the Royal Physiographic 

Society Lund, the Lars Hierta Memorial Foundation, the John and Augusta Persson 

Foundation and the Faculty of Medicine, Lund University. 

 

Authors’ contributions 

AHR and EK designed the study. EK and AHR made significant contributions to the 

experimental design, acquisition and interpretation of data, manuscript preparation and 

editing. RA and AHR provided funding for the study and manuscript editing. All authors read 

and approved the final manuscript. 

 

Supplementary information is available at Immunology and Cell Biology’s website. 

 
 

 



20 
 

References 
 

1. Siegel R, Naishadham D, Jemal A. Cancer statistics, 2013. CA Cancer J Clin 2013; 
63: 11-30. 

 
2. Li D, Xie K, Wolff R, Abbruzzese JL. Pancreatic cancer. Lancet 2004; 363: 1049-57. 
 
3. Hidalgo M. Pancreatic cancer. N Engl J Med 2010; 362: 1605-17. 
 
4. Pannala R, Basu A, Petersen GM, Chari ST. New-onset diabetes: a potential clue to 

the early diagnosis of pancreatic cancer. Lancet Oncol 2009; 10: 88-95. 
 
5. Bartosch-Harlid A, Andersson R. Diabetes mellitus in pancreatic cancer and the need 

for diagnosis of asymptomatic disease. Pancreatology 2010; 10: 423-8. 
 
6. Becker S, Dossus L, Kaaks R. Obesity related hyperinsulinaemia and hyperglycaemia 

and cancer development. Arch Physiol Biochem 2009; 115: 86-96. 
 
7. Everhart J, Wright D. Diabetes mellitus as a risk factor for pancreatic cancer. A meta-

analysis. Jama 1995; 273: 1605-9. 
 
8. Bao B, Wang Z, Li Y, Kong D, Ali S, Banerjee S et al. The complexities of obesity 

and diabetes with the development and progression of pancreatic cancer. Biochim 
Biophys Acta 2011; 1815: 135-46. 

 
9. Huxley R, Ansary-Moghaddam A, Berrington de Gonzalez A, Barzi F, Woodward M. 

Type-II diabetes and pancreatic cancer: a meta-analysis of 36 studies. Br J Cancer 
2005; 92: 2076-83. 

 
10. Permert J, Ihse I, Jorfeldt L, von Schenck H, Arnquist HJ, Larsson J. Improved 

glucose metabolism after subtotal pancreatectomy for pancreatic cancer. Br J Surg 
1993; 80: 1047-50. 

 
11. Maisonneuve P, Lowenfels AB. Chronic pancreatitis and pancreatic cancer. Dig Dis 

2002; 20: 32-7. 
 
12. Donath MY, Shoelson SE. Type 2 diabetes as an inflammatory disease. Nature 

Reviews Immunology 2011; 11: 98-107. 
 
13. Greer JB, Whitcomb DC. Inflammation and pancreatic cancer: an evidence-based 

review. Curr Opin Pharmacol 2009; 9: 411-418. 
 
14. Mantovani A, Allavena P, Sica A, Balkwill F. Cancer-related inflammation. Nature 

2008; 454: 436-444. 
 
15. Hanahan D, Weinberg RA. Hallmarks of cancer: the next generation. Cell 2011; 144: 

646-74. 
 



21 
 

16. Grivennikov SI, Greten FR, Karin M. Immunity, inflammation, and cancer. Cell 2010; 
140: 883-99. 

 
17. Murray PJ, Wynn TA. Protective and pathogenic functions of macrophage subsets. 

Nat Rev Immunol 2011; 11: 723-737. 
 
18. Biswas SK, Mantovani A. Macrophage plasticity and interaction with lymphocyte 

subsets: cancer as a paradigm. Nat Immunol 2010; 11: 889-896. 
 
19. Qian BZ, Pollard JW. Macrophage Diversity Enhances Tumor Progression and 

Metastasis. Cell 2010; 141: 39-51. 
 
20. Galdiero MR, Garlanda C, Jaillon S, Marone G, Mantovani A. Tumor associated 

macrophages and neutrophils in tumor progression. Journal of cellular physiology 
2012. 

 
21. Ruffell B, Affara NI, Coussens LM. Differential macrophage programming in the 

tumor microenvironment. Trends in immunology 2012; 33: 119-26. 
 
22. Shaw RJ, Lamia KA, Vasquez D, Koo SH, Bardeesy N, Depinho RA et al. The kinase 

LKB1 mediates glucose homeostasis in liver and therapeutic effects of metformin. 
Science 2005; 310: 1642-6. 

 
23. Karnevi E, Said K, Andersson R, Rosendahl AH. Metformin-mediated growth 

inhibition involves suppression of the IGF-I receptor signalling pathway in human 
pancreatic cancer cells. BMC cancer 2013; 13: 235. 

 
24. Grisouard J, Dembinski K, Mayer D, Keller U, Muller B, Christ-Crain M. Targeting 

AMP-activated protein kinase in adipocytes to modulate obesity-related adipokine 
production associated with insulin resistance and breast cancer cell proliferation. 
Diabetology & metabolic syndrome 2011; 3: 16. 

 
25. Isoda K, Young JL, Zirlik A, MacFarlane LA, Tsuboi N, Gerdes N et al. Metformin 

inhibits proinflammatory responses and nuclear factor-kappaB in human vascular wall 
cells. Arteriosclerosis, thrombosis, and vascular biology 2006; 26: 611-7. 

 
26. Poch B, Lotspeich E, Ramadani M, Gansauge S, Beger HG, Gansauge F. Systemic 

immune dysfunction in pancreatic cancer patients. Langenbeck's archives of surgery / 
Deutsche Gesellschaft fur Chirurgie 2007; 392: 353-8. 

 
27. Bellone G, Smirne C, Mauri FA, Tonel E, Carbone A, Buffolino A et al. Cytokine 

expression profile in human pancreatic carcinoma cells and in surgical specimens: 
implications for survival. Cancer immunology, immunotherapy : CII 2006; 55: 684-
98. 

 
28. Ebrahimi B, Tucker SL, Li D, Abbruzzese JL, Kurzrock R. Cytokines in pancreatic 

carcinoma: correlation with phenotypic characteristics and prognosis. Cancer 2004; 
101: 2727-36. 

 



22 
 

29. Kurahara H, Shinchi H, Mataki Y, Maemura K, Noma H, Kubo F et al. Significance 
of M2-polarized tumor-associated macrophage in pancreatic cancer. The Journal of 
surgical research 2011; 167: e211-9. 

 
30. Yoshikawa K, Mitsunaga S, Kinoshita T, Konishi M, Takahashi S, Gotohda N et al. 

Impact of tumor-associated macrophages on invasive ductal carcinoma of the pancreas 
head. Cancer science 2012; 103: 2012-20. 

 
31. Clark CE, Hingorani SR, Mick R, Combs C, Tuveson DA, Vonderheide RH. 

Dynamics of the immune reaction to pancreatic cancer from inception to invasion. 
Cancer research 2007; 67: 9518-27. 

 
32. Mirza S, Hossain M, Mathews C, Martinez P, Pino P, Gay JL et al. Type 2-diabetes is 

associated with elevated levels of TNF-alpha, IL-6 and adiponectin and low levels of 
leptin in a population of Mexican Americans: a cross-sectional study. Cytokine 2012; 
57: 136-42. 

 
33. Lesina M, Kurkowski MU, Ludes K, Rose-John S, Treiber M, Kloppel G et al. 

Stat3/Socs3 activation by IL-6 transsignaling promotes progression of pancreatic 
intraepithelial neoplasia and development of pancreatic cancer. Cancer cell 2011; 19: 
456-69. 

 
34. Chen Y, Shi M, Yu GZ, Qin XR, Jin G, Chen P et al. Interleukin-8, a promising 

predictor for prognosis of pancreatic cancer. World journal of gastroenterology : WJG 
2012; 18: 1123-9. 

 
35. Solinas G, Schiarea S, Liguori M, Fabbri M, Pesce S, Zammataro L et al. Tumor-

conditioned macrophages secrete migration-stimulating factor: a new marker for M2-
polarization, influencing tumor cell motility. J Immunol 2010; 185: 642-52. 

 
36. Bharadwaj U, Li M, Zhang R, Chen C, Yao Q. Elevated interleukin-6 and G-CSF in 

human pancreatic cancer cell conditioned medium suppress dendritic cell 
differentiation and activation. Cancer research 2007; 67: 5479-88. 

 
37. Saccani A, Schioppa T, Porta C, Biswas SK, Nebuloni M, Vago L et al. p50 nuclear 

factor-kappaB overexpression in tumor-associated macrophages inhibits M1 
inflammatory responses and antitumor resistance. Cancer Res 2006; 66: 11432-40. 

 
38. Green CE, Liu T, Montel V, Hsiao G, Lester RD, Subramaniam S et al. 

Chemoattractant signaling between tumor cells and macrophages regulates cancer cell 
migration, metastasis and neovascularization. PloS one 2009; 4: e6713. 

 
39. Baran B, Bechyne I, Siedlar M, Szpak K, Mytar B, Sroka J et al. Blood monocytes 

stimulate migration of human pancreatic carcinoma cells in vitro: the role of tumour 
necrosis factor - alpha. European journal of cell biology 2009; 88: 743-52. 

 
40. Li W, Ma Q, Li J, Guo K, Liu H, Han L et al. Hyperglycemia enhances the invasive 

and migratory activity of pancreatic cancer cells via hydrogen peroxide. Oncology 
reports 2011; 25: 1279-87. 

 



23 
 

 
Legends to figures 

Figure 1. Effects of pancreatic cancer cells and hyperglycaemia on macrophage 

differentiation and cytokine secretion. (a) Flow cytometry analysis showing live scatters of 

human PBMCs with gated macrophage populations after 24 h in vitro exposure to CM from 

BxPC-3 pancreatic cancer cells or SFM control, in normal (5 mM) or high (25 mM) glucose. 

(b) Graph shows the percentage of gated tumour-educated macrophages for three individual 

donors over time, compared to SFM control (mean ± SE values for three donors). (c) 

Histogram showing CD68 expression for general PBMCs and gated macrophages after 48 h. 

(d) IL-6 and IL-8 levels for four donors, measured by ELISA on supernatants after 24-72 h 

incubation with CM. Basal cytokine levels by naïve unstimulated cells are subtracted. 

*P<0.05, **P<0.01, ***P<0.001, Student’s t-test. 

 

Figure 2. Tumour-educated macrophages display a mixed CD11c+CD206+ phenotype 

polarisation. Flow cytometry analyses demonstrating (a) CD14 and HLA-DR expression for 

the gated “macrophage” population and (c) CD11c and CD206 expression for CD14+HLA-

DR+ cells after 24 h (control) and 24-72 h incubation (CM BxPC). (b) Graph displaying 

changes in CD14 geo-MFI for four donors between normal (5 mM) and high (25 mM) 

glucose conditions after 72h. (d) Graph showing tumour-educated macrophage polarization 

with percentage CD11c+CD206+ cells in the CD14+HLA-DR+ population, as mean of three 

individual repeats. 

 

Figure 3. Enhanced cytokine secretion in response to LPS. Cytokine levels as measured by 

ELISA in supernatants for (a) IL-6, (b) IL-8, (c) IL-1β, (d) IL-10 and (e) TNFα for four 

donors, after 72 h incubation of which the last 24 h in the presence or absence of 100 ng/ml 

LPS. Basal cytokine levels by naïve unstimulated cells are subtracted (A-D). Statistical 
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significance represents the effect by LPS for both glucose levels. *P<0.05, **P<0.01, 

***P<0.001, mixed models (random factor: donor, fixed factors: LPS, glucose). 

 

Figure 4. Metformin suppresses the tumour-educated macrophage enrichment and cytokine 

secretion. (a) Flow cytometric analysis showing live scatters of human PBMCs after 72 h in 

vitro exposure to CM from BxPC-3 pancreatic cancer cells, with or without 20 mM 

metformin, in normal (5 mM) or high (25 mM) glucose. (b) Graph shows the percentage of 

gated tumour-educated macrophages after metformin exposure, compared to CM control. (c) 

IL-6 and IL-8 cytokine levels measured by ELISA in supernatants after 24-72 h incubation 

with or without 20 mM metformin. Basal cytokine levels by unstimulated cells are subtracted. 

Bars represent mean ± SE of four determinations. Statistical significance represents the effect 

by metformin for all time points at 5 mM or 25 mM glucose. *P<0.05, **P<0.01, 

***P<0.001, (b) Student’s t-test, (c) mixed models (random factor: donor, fixed factors: 

glucose, time, metformin). 

 

Figure 5. Effect of metformin on macrophage phenotype polarisation. (a) CD14 and HLA-

DR expression for the gated macrophage population after 24 and 72 h incubation with or 

without 20 mM metformin. (b) CD11c and CD206 expression for CD14+HLA-DR+ cells after 

24 h and 72 h. (c) Graph represents CD206 geo-MFI after 24 h and 72 h incubation with or 

without 20 mM metformin as mean ± SE of three individual repeats. (d) Graph shows 

CD11cCD206 expression after 72 h in the CD14+HLA-DR+ population, as the mean of three 

separate repeats. *P<0.05, **P<0.01, ***P<0.001, Student’s t-test. 

 

Figure 6. Reduced LPS-responsiveness and cytokine levels in the presence of metformin. 

Cytokine levels as measured by ELISA in supernatants for (a) IL-6, (b) IL-8, (c) IL-1β, (d) 
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IL-10 and (e) TNFα, after 72 h incubation with or without 20 mM metformin, of which the 

last 24 h in the presence or absence of 100 ng/ml LPS. Basal cytokine levels by naïve 

unstimulated cells are subtracted (A-D). Bars represent mean ± SE of four determinations. 

Statistical significance represents the effect by metformin for both glucose levels. *P<0.05, 

**P<0.01, ***P<0.001, mixed models (random factor: donor, fixed factors: LPS, glucose, 

metformin). 

 

Figure 7. Influence of tumour-educated macrophages, high glucose and metformin on 

pancreatic cancer cell migration. BxPC-3 pancreatic cancer cell migration after 48 h co-

culture with or without PBMCs, followed by 8 h transwell migration with 10% FBS added to 

the lower chamber. (a) Representative images (x20 magnification) from one of three 

independent experiments are shown. (b) Graph represents number of invaded cell as mean ± 

SE in nine fields for each insert (x10 magnification). (c) Representative images (x10 

magnification) from one of three independent experiments of 48 h co-culture, with or without 

10 mM metformin, followed by 8 h transwell migration. (d) Graph represents fold change in 

tumour cell invasion after metformin treatment as mean ± SE of four independent repeats. 

Dashed line indicates the reference level for cells without metformin treatment. *P<0.05, 

**P<0.01, ***P<0.001, Student’s t-test. 

 

Supplementary figure 1. Macrophage phenotype polarisation and characterisation with 

CD68. (a) Flow cytometry analysis showing live scatters of human PBMCs with gated 

macrophage populations after 48 h in vitro exposure to CM from BxPC-3 pancreatic cancer 

cells or SFM control, in normal (5 mM) or high (25 mM) glucose. (b) CD68 and HLA-DR 

expression for the gated “macrophage” population after 48 h. (c) CD11c and CD206 

expression for CD68+HLA-DR+ cells after 48 h. 
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Supplementary figure 2. Effect of PANC-1 pancreatic cancer cells on macrophage 

differentiation and phenotype polarisation. (a) Flow cytometry analysis showing live scatters 

of human PBMCs with gated macrophage populations after 24 h (control) and 24-72 h in vitro 

exposure to CM from PANC-1 pancreatic cancer cells, in normal (5 mM) or high (25 mM) 

glucose. Flow cytometry analyses demonstrating (b) CD14 and HLA-DR expression for the 

gated “macrophage” population and (c) CD11c and CD206 expression for CD14+HLA-DR+ 

cells after 24 h (control) and 24-72 h incubation (CM PANC-1). 

 

Supplementary figure 3. Effect of MIAPaCa-2 pancreatic cancer cells on macrophage 

differentiation and phenotype polarisation. (a) Flow cytometry analysis showing live scatters 

of human PBMCs with gated macrophage populations after 24 h (control) and 24-72 h in vitro 

exposure to CM from MIAPaCa-2 pancreatic cancer cells, in normal (5 mM) or high (25 mM) 

glucose. Flow cytometry analyses demonstrating (b) CD14 and HLA-DR expression for the 

gated “macrophage” population and (c) CD11c and CD206 expression for CD14+HLA-DR+ 

cells after 24 h (control) and 24-72 h incubation (CM MIAPaCa-2). 
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